Understanding the mechanisms of lipid accumulation in microorganisms is important for several reasons. In addition to providing insight into assembly of biological membranes, lipid accumulation has important applications in the production of renewable fuels and chemicals. The photosynthetic bacterium Rhodobacter sphaeroides is an attractive organism to study lipid accumulation, as it has the ability to increase membrane production at low O 2 tensions. Under these conditions, R. sphaeroides develops invaginations of the cytoplasmic membrane to increase its membrane surface area for housing of the membrane-bound components of its photosynthetic apparatus. Here we use fatty acid levels as a reporter of membrane lipid content. We show that, under low-O 2 and anaerobic conditions, the total fatty acid content per cell increases 3-fold. We also find that the increases in the amount of fatty acid and photosynthetic pigment per cell are correlated as O 2 tensions or light intensity are changed. To ask if lipid and pigment accumulation were genetically separable, we analyzed strains with mutations in known photosynthetic regulatory pathways. While a strain lacking AppA failed to induce photosynthetic pigment-protein complex accumulation, it increased fatty acid content under low-O 2 conditions. We also found that an intact PrrBA pathway is required for low-O 2 -induced fatty acid accumulation. Our findings suggest a previously unknown role of R. sphaeroides transcriptional regulators in increasing fatty acid and phospholipid accumulation in response to decreased O 2 tension.
L ipids serve important functions in living systems, either as structural components of membranes or as a form of carbon storage. Lipids derived from oil-rich microorganisms (including bacteria, yeasts, and microalgae) also offer a promising source of renewable fuels and chemicals (1, 2) . However, the genetic and biochemical mechanisms regulating lipid accumulation in microorganisms are poorly understood, have been difficult to study, and are typically linked to stress conditions that hinder growth (3) (4) (5) . Much effort has been directed at increasing lipid accumulation through alteration of enzymes involved in biosynthesis or catabolism of fatty acids, but little is known about the endogenous systems that regulate lipid accumulation (6, 7) .
With an interest in understanding the molecular mechanisms regulating microbial lipid accumulation, we are analyzing the control of lipid accumulation in purple bacteria, which have the ability to increase their membrane content under low-O 2 conditions. In this study, we investigate this process in Rhodobacter sphaeroides, a facultative purple bacterium that can grow via aerobic or anaerobic respiration or photosynthesis (8) . Unlike many well-studied facultative bacteria, changes in O 2 tension cause significant morphological changes in R. sphaeroides. At high O 2 tensions, its cell envelope resembles that of other Gram-negative bacteria. In response to low O 2 tension, R. sphaeroides increases its membrane surface area for assembly of a photosynthetic apparatus by developing specialized intracytoplasmic membrane (ICM) invaginations (9) (10) (11) . Three major types of integral membrane pigment-protein complexes populate the ICM: the photochemical reaction center (RC) and two distinct light-harvesting complexes (LH1 and LH2) that together collect and convert the energy of light into biological energy (10, 12) .
The pathways that control transcription of many genes required for the synthesis and function of the photosynthetic apparatus have been extensively studied at the genetic and genomic levels (12) (13) (14) (15) . The photosynthesis response regulator (Prr) proteins comprise a two-component signal transduction system activated by low O 2 tension, in which PrrB is a membrane-spanning sensor histidine kinase and PrrA is a DNA-binding response reg-ulator (16, 17) . The AppA-PpsR regulatory system is composed of a DNA-binding repressor, PpsR, and the light-and redox-sensitive antirepressor AppA (18) . FnrL, a member of the FNR (fumarate and nitrate reductase) family of transcription factors, is a global regulator of anaerobic gene expression that is directly inhibited by the presence of O 2 (19, 20) . These three pathways each contribute to increased expression of photosynthesis genes at low O 2 tension, including those in the puf and puc operons (encoding polypeptides of the RC, LH1, and LH2 complexes), biosynthetic enzymes for bacteriochlorophyll (BChl) and carotenoid (Crt) pigments, and electron transport chain components (12, 13, 16, (21) (22) (23) .
Despite the extensive knowledge of the systems regulating synthesis of the pigment and protein components of photosynthetic membranes, little is known about synthesis of phospholipids that form the ICM bilayer. Cells that make ICM have a higher rate of phospholipid synthesis (24, 25) and a greater proportion of lipid in cellular biomass (26) than cells grown at high O 2 , which are devoid of ICM. Yet it is not known how much more membrane is needed for ICM development or if there is a specific mechanism to increase fatty acid and phospholipid levels in response to low O 2 . Observations of de novo ICM synthesis have shown that nascent ICM invaginations can be seen before pigment-protein complexes are evident on their surface, suggesting that phospholipid accumulation may not be obligately linked with synthesis of this specialized membrane (9) .
In this study, we ask whether an increase in membrane lipid abundance is linked to ICM assembly. In wild-type cells, we find that fatty acid content is correlated with the level of BChl. However, accumulation of these two ICM components is genetically separable, since we identify a mutant that is devoid of pigmentprotein complexes but contains high, near-anaerobic levels of fatty acid at low O 2 tensions.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are described in Table 1 . R. sphaeroides 2.4.1 strains were grown at 30°C in a succinate-based minimal medium (SIS) (27) , unless otherwise noted. For growth in the presence of O 2 , 500-ml cultures were bubbled with 1% CO 2 , the indicated percentage of O 2 , and the balance in N 2 . For anaerobic growth, 500-ml cultures were bubbled with 5% CO 2 and 95% N 2 . In addition, anaerobic photosynthetic cultures were illuminated with an incandescent light with an intensity of 3, 10, or 100 W/m 2 measured through a red glass filter, and anaerobic dark cultures were grown in SIS supplemented with 10% Luria-Bertani medium and 0.3% dimethyl sulfoxide (DMSO). For analysis, cultures were grown to an optical density at 600 nm (OD 600 ) of ϳ0.5 to 0.9; anaerobic photosynthetic cultures were grown to an OD 600 of ϳ0.9 to 1.5 to achieve similar cell densities to high-O 2 cultures at the lower OD range.
SC and BChl analyses. To assess spectral complex (SC) assembly, aliquots of cell cultures were assayed by visible spectroscopy on an Olis DW-2/2000 spectrophotometer. All spectra were scaled to an absorbance of 1 at 680 nm to normalize for cell density and then staggered vertically for presentation of multiple curves on one axis. BChl content was estimated by readings of absorption at 775 nm of material extracted from cells into 7:2 acetone-methanol, using an extinction coefficient of 75 mM Ϫ1 cm Ϫ1 (28) .
Fatty acid and lipid phosphorus analysis. Cell harvesting, extraction of lipids with chloroform-methanol, esterification, and gas chromatography-mass spectrometry (GC-MS) analysis were performed as previously described (29) . For lipid phosphorus measurements, dried lipid extractions from 2.5-ml samples were digested with perchloric acid and assayed for phosphorus content (30) . Cell plating experiments were used to make a standard curve of OD 600 versus CFU to normalize fatty acid, lipid phosphorus, and BChl content per cell. For the experiment shown in Fig. 2A , insufficient cell plating data were collected to make a curve, so cell counts from plating within that experiment were used to normalize.
P values for statistical significance were calculated by unpaired t test using Graph Pad QuickCalcs.
TEM. High-pressure freezing (HPF) and automatic freeze substitution (AFS), followed by plastic embedding, were used to produce thin sections of respective samples of cell suspensions. Cells were pelleted by brief centrifugation with a Quick-Spin minicentrifuge, and 5 l of the concentrated cell suspension was transferred into an HPF flat specimen carrier and frozen with a Leica EM PACT high-pressure freezer (Leica Microsystems, Inc., Bannockburn, IL) at a typical rate of 1,700°C/s. The pods with compacted frozen cells were transferred under liquid nitrogen to the precooled AFS (EM AFS; Leica), and a protocol for cell fixation, water substitution by acetone, and a gradual warm-up to room temperature was followed (see Table S1 in the supplemental material). After 72 h, the samples were released from the pods, washed three times in acetone, gradually infiltrated with an ascending series of Spurr's low-viscosity embedding medium (Electron Microscopy Sciences, Hatfield, PA) (with 25, 50, and 75%, followed by three 100% washes for 120 min each), and cured at 60°C for 48 h. The polymerized blocks were sectioned to 70-nm thin sections with a Leica Ultracut UCT ultramicrotome, mounted on Formvar-coated 100 mesh Cu transmission electron microscopy (TEM) grids sputter coated with carbon, and poststained for 7 min with aqueous 2% uranyl acetate followed by 3 min of Reynolds' lead citrate (31) prior to TEM imaging. Samples were examined with the Tecnai T-12 TEM (FEI) operating at 120 kV with a LaB6 filament. Images were collected digitally with a 2ϫ2K Ultrascan 1000 CCD (Gatan).
RESULTS
O 2 and light regulation of fatty acid and spectral complex content in R. sphaeroides. Given that R. sphaeroides increases its membrane surface area to synthesize ICM under low-O 2 and anaerobic conditions, we wanted to test if these cells contain higher membrane lipid content than high-O 2 -grown cells. Thus, we sought to quantify membrane lipid content as a function of O 2 tension and to determine how membrane content relates to the level of membrane-integral ICM spectral complexes (SCs). To do this, R. sphaeroides 2.4.1 was grown in liquid cultures sparged with high (30%) O 2 , anaerobically at moderate light intensity (10 W/m 2 ) and in the dark using DMSO as an electron acceptor. In order to relate SC levels to membrane lipid content, we used total extracted BChl as a measure of SC assembly and both fatty acid and lipid phosphorus levels to assess membrane lipid content. We chose to express all of these measurements on a per cell basis in order to gain insight into the physiological changes of an individual cell under our experimental conditions. Since other cellular components of biomass also change in abundance as O 2 and light intensity changes (26) , this method of reporting provides insight into the physiology of lipid accumulation under the conditions examined.
As expected, the absorbance spectra of these cultures show that SCs are absent in high-O 2 cultures and present in anaerobic cultures under light or dark conditions, with characteristic absorbance peaks at 800 and 850 nm (representing LH2) and a shoulder at 875 nm (representing LH1) ( Fig. 1A ). We also found that cells grown at 30% O 2 tension lack detectable BChl, while cells grown under anaerobic conditions either at moderate light intensity or in the dark contain measurable levels of BChl (5 ϫ 10 Ϫ18 to 6 ϫ 10 Ϫ18 mol/cell) ( Fig. 1B) . At high (30%) O 2 tension, cells contained 3.5 ϫ 10 Ϫ17 mol/cell of fatty acid and 1.5 ϫ 10 Ϫ17 mol/cell of lipid phosphorus (Fig. 1C) . The approximately 2:1 ratio of fatty acid to phosphorus supports the conclusion that both assays are measuring phospholipid levels. Anaerobically grown cells contained ϳ3 times more fatty acid and lipid phosphorus per cell than those grown at high O 2 tension (Fig. 2) , consistent with the increased membrane content associated with ICM formation. The relative amounts of the major fatty acid species were the same under all tested growth conditions ( Fig. 1D ) and were consistent with the fatty acid composition observed in previous studies of R. sphaeroides (32, 33) . Since fatty acid and lipid phosphorus levels mirrored each other, we chose to use fatty acid levels to assess total membrane lipid content throughout the rest of this study. ICM formation is induced by lowered O 2 tension, while light intensity also controls the number of ICM invaginations as well as the level and ratio of individual SCs (10, 11, 34, 35) . In order to examine if the lipid content correlates with the SC component of ICM, we analyzed cells grown under a range of O 2 concentrations (30 to 0%) in the dark. This analysis showed that both the cellular fatty acid and BChl contents began increasing at O 2 concentrations below 10%, with a large increase occurring from 1.5% to 0.5%, such that 0.5% O 2 -grown cells contained levels of both components similar to those in anaerobic cells ( Fig. 2A ). Averaged over at least 6 independent cultures, there was no statistical difference between the fatty acid and BChl contents in 0.5% O 2 -grown cells (1.2 ϫ 10 Ϫ16 mol/cell fatty acid, 5.0 ϫ 10 Ϫ18 mol/cell BChl) compared to those in cells grown anaerobically under light or dark conditions ( Fig. 1B) . At external O 2 concentrations of between 0.5 and 6%, the degree of increase in fatty acid content over high (30%)-O 2 cells was proportional to the amount of BChl present. For example, at 1.5% O 2 , cells contained 29% of the BChl present in anaerobic cells (1.5 ϫ 10 Ϫ18 mol/cell versus 5.2 ϫ 10 Ϫ18 mol/ cell), while the increase in fatty acid compared to 30% O 2 (2.1 ϫ 10 Ϫ17 mol/cell) was 31% of the increase observed in anaerobic cells (6.8 ϫ 10 Ϫ17 mol/cell) ( Fig. 2A ). When we varied the incident light intensity under anaerobic conditions, we found that these changes also affected lipid and pigment content, with higher cellular lipid and BChl levels as the light intensity decreases (Fig. 2B ). This is consistent with previous observations showing that highlight-grown cells contain less BChl and fewer ICM invaginations than low-light-grown cells (35) (36) (37) . When BChl content was plot- ted against fatty acid content from these experiments, where we varied oxygen tension or light intensity, we found a positive correlation between the cellular levels of fatty acid and BChl (Fig. 2C ) (R 2 ϭ 0.83). The data points for cells grown anaerobically in the dark (diamonds and circles) fell closer to this correlation line, while the points for high-light-grown cells in particular fell under the line, likely due at least in part to an increased proportion of LH1 that contains fewer BChl molecules than LH2 (38) . These experiments establish that membrane fatty acid content increases proportionally to BChl levels in wild-type cells. Mutations in the PrrBA or PpsR regulatory pathways alter the control of fatty acid and BChl accumulation at high O 2 tension. Since we observed a correlation between BChl and fatty acid levels for wild-type cells under environmental conditions that control ICM synthesis, we tested whether membrane content was altered by mutations that allow SC assembly at high O 2 tension, a condition under which they are absent in wild-type cells (9) (10) (11) . We analyzed mutants with alterations in regulatory pathways that control ICM development in response to O 2 deprivation. One mutant (PrrB78) has an amino acid substitution in the PrrB sensor histidine kinase that alters signaling and leads to increased expression of some photosynthesis genes under high-O 2 conditions (39) . A second mutant lacks the PpsR transcriptional repressor (⌬PpsR), leading to derepression, and thus increased expression, of many photosynthesis genes at high O 2 tensions (40) . The absorbance spectra show that, in contrast to wild-type cells that lack detectable SCs at 30% O 2 , these mutants have detectable levels of LH1 (absorbance at 875 nm) and LH2 complexes (absorbances at 800 and 850 nm) under these conditions (Fig. 3A) . Quantitation of BChl and fatty acid levels in cells grown at 30% O 2 tension showed that each of these mutants had increased fatty acid in addition to the increased BChl (P Ͻ 0.03 for both fatty acid and BChl increases for both mutants) but less of each of these components than wild-type cells under anaerobic conditions (Fig. 3B) . Thus, when the PrrB78 and ⌬PpsR mutants are grown at 30% O 2 , the coupling between BChl and fatty acid content is maintained. However, the accumulation of both fatty acid and BChl in these mutants is separated from that of normal control by decreased O 2 tension.
Mutations that uncouple fatty acid and BChl accumulation. We also asked whether membrane fatty acid content was altered when SC synthesis was blocked genetically. One way to do this was to analyze the PUFB1 strain, which has a deletion disrupting expression of the pufKBALMX operon (41) . This lesion prevents expression of the LH1 structural polypeptides and the RC structural polypeptides, blocking assembly of LH1 complexes (41) . PUFB1 also has a greater than 95% decrease in levels of LH2 complexes under anaerobic conditions (41) . Although PUFB1 is unable to grow photosynthetically, it grows anaerobically in the dark with DMSO as an electron acceptor (41) . When we analyzed the PUFB1 mutant and wild-type cells, as expected, they lacked detectable levels of SCs at 30% O 2 (Fig. 4A ). However, we unexpectedly found that the fatty acid content of PUFB1 was 1.5-fold higher at high (30%) O 2 tension than that of wild-type cells grown under the same conditions (4.6 ϫ 10 Ϫ17 versus 3.0 ϫ 10 Ϫ17 mol/ cell, respectively; P ϭ 0.0007) (Fig. 4B ). Under anaerobic dark conditions, PUFB1 showed an almost complete loss of peaks in the near-infrared range (Fig. 4A ) and 33 times less BChl (1.6 ϫ 10 Ϫ19 mol/cell) than was found in wild-type cells (5.4 ϫ 10 Ϫ18 mol/cell), indicating a nearly complete lack of SCs. In addition, the fatty acid content in anaerobically grown PUFB1 cells did not show a statistically significant increase compared to that in cells grown at high (30%) O 2 tension, although it was elevated 1.9-fold compared to the level in wild-type cells that lack SCs (at high O 2 ) ( 5.7 ϫ 10 Ϫ17 versus 3.0 ϫ 10 Ϫ17 mol/cell, respectively; P ϭ 0.002) (Fig. 4B ). Thus, disruption of the pufKBALMX operon results in higher fatty acid content under both high-O 2 and anaerobic conditions compared to the level in wild-type aerobic cells. This demonstrates that PUFB1 is able to increase its lipid content relative to the wild type even though it does not assemble appreciable levels of SCs.
The properties of PUFB1 suggested that there were genetic alterations in which lipid accumulation could be separated from assembly of ICM SCs. To test this hypothesis further, we examined BChl and fatty acid levels in cells containing additional mutations in known regulators of photosynthesis genes. We reasoned that if O 2 -dependent increases in fatty acid levels require one or more of these regulatory pathways, then we should be able to identify a mutant(s) in which SC assembly is disrupted but fatty acid accumulation is seen or vice versa. For these experiments, we analyzed previously characterized strains in which there is inactivation of either the PrrA transcriptional regulator (⌬PrrA), AppA, an antirepressor that regulates PpsR transcriptional activity (⌬AppA), or the FnrL transcriptional regulator (⌬FnrL) ( Table 1) (19, 42, 43) . The mutations in each of these strains reduce expression of some photosynthesis genes and lower SC assembly at low O 2 : as a result, all of these mutants are unable to grow photosynthetically (19, 42, 43) . When grown anaerobically in the dark, unlike wild-type cells, the ⌬AppA and ⌬PrrA cells lack appreciable levels of SCs (42, 43) . The ⌬FnrL mutant is unable to grow anaerobically in the dark; when grown at low (2%) O 2 , it assembles SCs but to a lesser extent than wild-type cells (19) .
We used growth at low (0.5%) O 2 to compare fatty acid and BChl levels in these mutants to those in wild-type cells, since all three strains grow under these conditions, and our experiments showed that wild-type cells accumulated high levels of fatty acid and BChl under these conditions ( Fig. 2A ). We found that at 0.5% O 2 , both the ⌬PrrA and ⌬AppA mutants lacked detectable SCs (Fig. 5A ) and had only trace amounts of BChl (Fig. 5B) , similar to what had previously been observed under anaerobic conditions (42, 43) . The ⌬FnrL mutant, however, assembled SCs at 0.5% O 2 (Fig. 5A) with 71% of the total BChl (3.5 ϫ 10 Ϫ18 mol/cell versus 5.4 ϫ 10 Ϫ18 mol/cell in the wild type) ( Fig. 5B ). When wild-type cells were grown at low (0.5%) O 2 , the increase in fatty acid content was 3.1-fold relative to the level in cells grown at high (30%) O 2 (Fig. 5C ). In contrast, the ⌬PrrA mutant had only a small 1.3-fold increase in fatty acid content when grown at 0.5% O 2 relative to when grown at 30% O 2 , while the ⌬AppA and ⌬FnrL mutants had 1.9-and 2.5-fold, respectively, increases in fatty acid content at 0.5% O 2 relative to 30% O 2 (Fig. 5C ). When these mutants were grown at high (30%) O 2 , all three strains had fatty acid levels similar to those of wild-type cells (Fig. 5C) .
When comparing the fatty acid and BChl contents of mutant cells, it follows that the ⌬PrrA and ⌬FnrL mutants maintain the correlation between fatty acid and BChl levels: PrrA cells (circles) have low levels of both fatty acid and BChl at 0.5% O 2 , while the ⌬FnrL cells (squares) have high levels of both fatty acid and BChl (Fig. 5D) . In contrast, the ⌬AppA cells grown at 0.5% O 2 (triangles) contain increased fatty acid but low BChl levels (Fig. 5D ), suggesting that fatty acid and BChl accumulation are uncoupled by the loss of AppA. Furthermore, despite the low levels of BChl in the ⌬AppA mutant, there was no detectable SC assembly (Fig.  5A) . In sum, we conclude based on these data that low-O 2 -induced fatty acid accumulation is not absolutely dependent on assembly of active SCs. The significance of these observations to the pathways that control O 2 -dependent increases in membrane lipids is discussed below (see Discussion).
Since the ⌬AppA mutant contained ϳ2-fold more fatty acid when grown at 0.5% O 2 than when grown at 30% O 2 , but did not contain appreciable amounts of assembled SCs, we asked whether the cells formed ICM-like structures. We used transmission elec-tron microscopy (TEM) to compare the morphologies of wildtype, ⌬AppA, ⌬PrrA, and ⌬FnrL cells. TEM micrographs of wildtype and ⌬FnrL cells grown at 0.5% O 2 showed the presence of ICM ( Fig. 6A and D) , while the ⌬PrrA mutant was devoid of ICM ( Fig. 6B and C) . These findings correlate with the fatty acid and BChl levels we observed under these conditions ( Fig. 5B to D) . In contrast to wild-type and ⌬FnrL cells, the ⌬AppA mutant did not have any apparent ICM when grown at 0.5% O 2 (Fig. 6E and F) . To examine if the increased fatty acid content in the AppA mutant grown at 0.5% O 2 reflected an increase in lipid, we measured lipid phosphorus levels for this strain. A 2.5-fold increase in lipid phosphorus from 2.0 ϫ 10 Ϫ17 mol/cell at 30% O 2 to 4.9 ϫ 10 Ϫ17 mol/ cell at 0.5% O 2 was observed. In sum, these data suggest the ⌬AppA mutant has increased phospholipid content at 0.5% O 2 that does not accumulate in structures that appear by TEM to be similar to ICM, nor is it visible in these images.
DISCUSSION
The goal of this study was to analyze the environmental and genetic systems that control lipid production in the facultative bacterium R. sphaeroides. As O 2 tensions decrease, R. sphaeroides increases its membrane surface area to synthesize an ICM system that contains lipids, SCs, and other bioenergetic enzymes, which enable cells to grow via photosynthesis (10, 11, 34, 37) . In this study, we used fatty acid levels to assess membrane lipid content under conditions that promote ICM synthesis. We chose this ap- proach since R. sphaeroides is not known to accumulate or contain genes annotated to encode enzymes for, neutral lipid synthesis (such as triacylglycerols [TAGs] or wax esters) (44) . To further validate this approach, we found the expected 2:1 ratio of fatty acid to lipid phosphorus. Previous studies have demonstrated that there are not significant differences in the phospholipid or fatty acid composition between aerobic and anaerobic cells (32, 45) , therefore, we focused on the difference in absolute levels of fatty acids. Our fatty acid analysis method also allowed us to assess fatty acid composition, which was not found to vary significantly between the conditions or strains used in this study.
We show here that conditions that promote ICM synthesis also cause cells to increase their total lipid content. At low O 2 tension (0.5%), as well as anaerobically in the dark or at moderate light intensity, this increase in lipid content is approximately 3-fold compared to that in cells grown at high O 2 , which are devoid of ICM. We also found that a decrease in O 2 tension is sufficient for this increased lipid accumulation, indicating that light is not needed for this response. Below we summarize the new information we have obtained by analyzing the environmental and genetic controls that allow this bacterium to increase its membrane surface area.
Uncoupling of membrane lipid and SC accumulation. Our data demonstrate a correlation between fatty acid and BChl levels under physiological conditions that control ICM synthesis (Fig.  2C) , indicating there is a direct relationship between the amount of membrane lipid and assembled SCs. This correlation is not surprising, since the increased membrane surface area is thought to house the SCs and other integral membrane enzymes of the ICM. However, the systems that link fatty acid levels to those of ICM SCs are still unresolved. For example, it is possible that increased expression of an ICM protein(s) is sufficient to drive increased membrane synthesis. This is illustrated by observations in Escherichia coli, where overexpression of individual integral membrane proteins, including fumarate reductase (46) , the glycerol acyl transferase PlsB (47) , or the ATP synthase b subunit (48) , is sufficient to induce formation of intracellular membranes. Indeed, we found that when synthesis of SCs was increased by mutation under high O 2 tension, when they are not normally present, membrane lipid content also increased ( Fig. 3A and B ). Thus, it is possible that increased membrane content at low O 2 is an indirect consequence of inserting a large amount of SCs or other integral membrane proteins into the ICM.
However, when assembly of SCs was blocked at low O 2 in the ⌬AppA mutant, this strain contained ϳ2-fold-higher fatty acid and lipid phosphorus levels than when grown at high O 2 (Fig. 5A  and C) . This observation suggests that there is a mechanism to increase membrane content in response to low O 2 tension that is independent of SC insertion into the ICM. This notion is also supported by observations of the de novo ICM assembly that occurs when cells are shifted from aerobic to anaerobic growth conditions (9) . Under these conditions, new ICM invaginations form before BChl accumulation is detected. Furthermore, these nascent ICM invaginations appear smooth when analyzed by freeze fracture electron microscopy, suggesting they are enriched in phospholipid, in contrast to mature photosynthetic membranes that contain a high level of particulate membrane-bound pigmentprotein complexes (9) .
Potential regulators of membrane lipid accumulation. The R. sphaeroides transcriptional networks regulating gene expression in response to decreased O 2 tension contain many operons encoding proteins that are necessary for the assembly of functional photosynthetic membranes (12) . In this study, we used mutations in each of these pathways to test their role in the accumulation of membrane lipids at low O 2 tension.
For some mutants, the normal linkage between fatty acid and BChl levels was maintained at 0.5% O 2 . Specifically, the ⌬PrrA mutant had low levels of both lipid and pigment, while the ⌬FnrL mutant has high levels of both lipid and pigment under these conditions. In contrast, the ⌬AppA mutant has no detectable SCs but high levels of fatty acid at 0.5% O 2 , suggesting that this lesion uncouples the linkage between SCs and membrane lipid content. This observation suggests that while AppA is necessary for SC assembly, it is not necessary for increased lipid levels at low O 2 since ⌬AppA cells still exhibit an increase in fatty acid at 0.5% O 2 compared to cells grown at 30% O 2 . Since AppA acts as an antirepressor of the transcription factor PpsR (18) , this suggests that depression of the transcriptional target genes of PpsR is not necessary for increased fatty acid at low O 2 . It is also possible that deletion of AppA leads to derepression of a regulator of fatty acid biosynthesis independent of PpsR. However, fatty acid levels are not significantly increased in the ⌬AppA mutant when it is sparged with 30% O 2 . Thus, we do not think it is likely that the increase in fatty acid levels seen in the ⌬AppA mutant is due to direct derepression of a regulator of fatty acid synthesis. Finally, our data suggest that FnrL is not required for either increased membrane lipid or SC synthesis at low O 2 , while the PrrBA pathway is required for both. In sum, we conclude that transcriptional regulation by FnrL and the AppA-PpsR pathway are dispensable for low-O 2 -induced fatty acid accumulation, since the ⌬AppA and ⌬FnrL mutant strains still increased fatty acid content at least 2-fold under low O 2 tension compared to high O 2 tension (Fig. 5C ), while the PrrBA pathway is required. We can infer from this that one or more genes within the PrrA regulon either directly or indirectly are necessary for cells to increase membrane content for ICM development. To date there are not any members of this regulon that are known or predicted to participate in or regulate fatty acid and phospholipid biosynthesis.
Our finding that at 0.5% O 2 the ⌬FnrL mutant assembles SCs, has 71% of the BChl and 83% of the fatty acid as wild-type cells, and forms ICM was somewhat unexpected since previous analysis found that this mutant has much lower SC levels than the wild type at 2% O 2 tension (49) and formed many fewer ICM invaginations than wild-type cells in poorly aerated cultures (50) . These differences may be due to the different O 2 tensions used between our studies and previous experiments and may indicate that loss of FnrL changes the sensitivity of cells to decreased O 2 for induction of ICM SC and lipid synthesis. However, from our data at 0.5% O 2 , we conclude that FnrL is not strictly essential for low-O 2induced lipid accumulation.
Relevance to lipid production in other microbes. Our data demonstrate that R. sphaeroides has a mechanism to increase lipid content in response to decreased O 2 tension, which is at least partially dependent on an intact PrrBA pathway. This is significant and relevant to both ICM assembly and the potential engineering of microbes for production of lipid biofuels and chemicals, because it identifies a transcriptional regulatory pathway that can increase microbial lipid content. In most microbes that accumulate storage lipids, such as triacylglycerols (TAGs), accumulation is normally induced by nutrient limitation or other stresses (3) (4) (5) . Under such conditions, the gene expression changes contributing to increased lipid storage have not been elucidated. For example, in the oleaginous microalgae Cytotella cryptica under silicon starvation conditions that lead to TAG accumulation, the first dedicated enzyme in fatty acid biosynthesis, acetyl coenzyme A (acetyl-CoA) carboxylase (ACCase), has elevated gene expression and enzyme activity (51, 52) . However, overexpression of ACCase alone, in this and other microalgae, does not lead to increased TAG accumulation (52) . Other studies in microalgae, yeast, and bacteria have used similar approaches with more success, targeting deletion and/or overexpression of enzymes both singly and in combination to increase the yield of TAGs or other fatty-acidderived fuels (7, 53) . While the success of individual studies varies, this approach requires the manipulation of many different genes to maximize product yield. Instead, an approach that altered activity of a transcriptional regulator would be advantageous, as it could potentially alter the expression of many relevant genes affecting a metabolic pathway with one genetic manipulation and also be used in organisms where the enzymes of fatty acid biosynthesis and degradation are not well characterized. In support of this idea, a recent study demonstrated that in E. coli, cells engineered to produce free fatty acids, homologous expression of the FadR transcription factor, a negative regulator of fatty acid degradation and positive regulator of biosynthesis, increased fatty acid yield 7.5-fold (54) . Elucidating additional regulatory networks controlling fatty acid and lipid accumulation in other microbes will facilitate achieving of the increased product yields necessary for economical large-scale production of biofuels and chemicals.
Our studies in R. sphaeroides identify a novel oxygen-regulated mechanism of lipid accumulation that is dependent, at least in part, on the PrrA global transcriptional regulator. Future studies will be directed at determining the relationship of the PrrBA pathway and other yet to be discovered pathways to increased lipid accumulation and how the knowledge gained from studying these systems might be applied to microbial production of renewable fuels and chemicals.
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